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Abstract: Timber-concrete composite (TCC) solutions are not a novelty. They were scientifically
referred to at the beginning of the 20th century and they have proven their value in recent decades.
Regarding a TCC floor at the design stage, there are some assumptions, at the standard level,
concerning the action of concentrated loads which may be far from reality, specifically those
associating the entire load to the beam over which it is applied. This naturally oversizes the beam
and affects how the load is distributed transversally, affecting the TCC solution economically and
mechanically. Efforts have been made to clarify how concentrated loads are distributed, in the
transverse direction, on TCC floors. Real-scale floor specimens were produced and tested subjected to
concentrated (point and line) loads. Moreover, a Finite Element (FE)-based model was developed and
validated and the results were collected. These results show that the “loaded beam” can receive less
than 50% of the concentrated point load (when concerning the inner beams of a medium-span floor,
4.00 m). Aiming at reproducing these findings on the design of these floors, a simplified equation to
predict the percentage of load received by each beam as a function of the floor span, the transversal
position of the beam, and the thickness of the concrete layer was suggested.

Keywords: TCC floors; transverse distribution of load; concentrated loads; simplified approach

1. Introduction

Since its first scientific reference in the early decades of the last century [1], the use of a composite
solution gathering timber beams with a thin concrete layer through an efficient connection has been
spreading either for new or rehabilitation applications, on building floors or on bridge decks [2].
Timber-concrete composite (TCC) solutions may be as versatile as needed, by using different materials:
different concrete strengths or densities, different timber species or engineered products, and different
connection systems; or different sections (thicknesses and shape) [3-8]. They were initially developed
with the aim of rehabilitating or strengthening timber floors [9]. However, in some cases of heritage
cultural value buildings, their use may be overlooked by their insufficient reversibility [10] or for being
a non-dry technique. In fact, there are cases where TCC solutions were preferred relatively to other
rehabilitation techniques and were also recognized as prize-worthy [11-13].

The rehabilitation of a building floor may be a consequence of physical or biological damages,
lack of strength for the associated use (actual or new one), among others. Regardless of the motivation,
there are common types of loading, such as furniture (point loads) or partition walls (line loads) that
must be considered at the design stage. Concerning a timber-concrete solution, beside a document
that is being prepared [14], there are no current standardization or code rules for the design for such
composites. Annex B of the Eurocode 5 [15] is commonly used to perform the design computation.
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This computation considers the association of the entire load, point or line load aligned with the
length of the timber beam, with the beam under consideration, but it can be far from the real behavior.
In recent years, a few studies [16-21] aiming to understand how the load is distributed in the transverse
direction were performed in this field. Parameters that might affect that distribution were investigated.
The work developed by the authors [16-18] proves that the share of load received by the loaded beam
could be, in some cases, less than half. It is easy to understand the economic implications that an
overestimated cross-section may have, associated with the unnecessary waste of material. Furthermore,
there are also consequences at the mechanical behavior level. The thicker the concrete slab (using
the same timber cross-section), the higher the transverse distribution of load. The opposite occurs
with the increase of the timber beam height (keeping the concrete thickness unchanged), but with less
expression [22], hence the importance of such studies.

This paper aimed to present a simplified approach to be applied at a design stage in order to help
to obtain an optimized TCC floor solution in terms of mechanical behavior and expenses. Therefore,
an experimental set of results obtained from real-scale TCC floors tested under concentrated loads,
together with the results of a parametric study using a Finite Element Method (FEM) model developed
and validated by the authors was proposed.

2. Parametric Study

To achieve the set goal, a comprehensive parametric study was developed. Aiming at studying
the mechanical behavior of medium span TCC floors (4.00 m), a Base Simulation (BS) was established.
The BS composite slab has a square plan and is composed of a 0.07 m-thick concrete layer, seven timber
beams 0.60 m apart from each other and a 0.02 m-thick timber interlayer. Its material and geometric
characteristics can be found in Monteiro et al. [23]. To perform such a study, several parameters (Table 1)
were chosen and their effect on the load distribution of TCC floors was analyzed. Only the loading
of four beams, B1 (end beam) to B4 (central beam) was considered due to symmetry (for detailed
information, see Monteiro et al. [23]). The analysis was accomplished by evaluating the percentage
of support reaction (sr) received by each beam for the various loading cases: each beam loaded at
a time, with a point load at 1/2 span or 1/4 span, or line load. Moreover, the distribution of vertical
displacements (vd) at mid-span and the distribution of longitudinal bending moment at mid-span (bm)
were analyzed.

Figure 1 summarizes the percentages of load received by the end beam (B1 or B7) and the central
beam when loaded, at a time, associated with BS, in terms of the analyzed quantities. Regardless of the
loading case or location, the loaded beam does not receive the entire load but a share of it, as well as
the unloaded beams, which emphasizes the existence of load distribution. The share of load received
by the loaded beam will be higher or lower the farther or nearer that beam is from the center of the slab,
respectively. Beam B1 is the one associated with the highest share of load when loaded (more than 80%
for sr). In addition, when considering the extreme load locations, B1 vs. B4, the maximum deviation
of received share is associated with this beam location (difference between the percentage of load
associated with BI when the load is applied at BI and the percentage of load associated with B1 when
the load is applied at B4 is about 90% for sr, for the three loading cases under consideration). On the
contrary, intermediate beams show smaller deviations, with B3 presenting the minimum deviation
(difference between the percentage of load associated with B3 when the load is applied at B1 and
the percentage of load associated with B3 when the load is applied at B4 is about 20% for vd and bm,
for 1/2 Pt and Ln, reaching less than 5% for 1/4 Pt).

Concerning the studied parameters, it was found that they affect in different amounts the quantities
analyzed. The ones with a greater effect (more than 10% of deviation) are displayed in Tables 2—4.
The deviation was computed between two modeling tasks associated with a parameter. The Details
column specifies among which “parameter values” was the maximum deviation obtained (e.g.,
a maximum deviation of 75% was found among BS with two different support conditions (Ss vs. Sae)
when loaded with a point load at mid-span of BI).
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Table 1. Parameters studied.

Type Parameter Symbol
Span L
Slab Width bslah
Beam spacing Sp
Geometrical Concrete he
Cross-section Thickness Intgrlayer h;
Timber ht
Shape Beam 0,1, 0
Strength class According to EC2 [24]
Concrete Acorecates Normal-weight NWAC
887<8 Light-weigh LWAC
Material
Strength class According to EN 338 [25]
Timber Product Solid
roduc Wood-engineered ~ GL, LVL, OSB + LVL, CLT
Low IK
Connection stiffness Medium mK
Mechanical behavior High hK
Material Linear Elastic LE
ateria Non-linear Elastic Perfectly-plastic EPP
, Simply supported Ss
Support conditions, Sc Beams’ ends Fixed Fx
All ends Simply supported Sae
. Mid-span 1/2 Pt
Loadin Type Point load Quarter-span 1/4 Pt
g Linear load Ln
Location On each beam at a time B1,B2,...,B7
Domestic and residential activities A
Floor use Areas where people congregate, According to EC1 [26]
. . . .o, C4
with possible physical activities.
Undersized Un
Degree of oversizing, DO Timber cross-section ~ EC5 “tight-fit”  According to EC5 [15] EC5
Oversized Ov

With: GL—Glued laminated timber; LVL—Laminated veneer lumber; OSB—Oriented strand board;
CLT—Cross-laminated timber.

Table 2. Parameters with the greatest effect on the load distribution referring to BS.

Maximum Load . .
Deviation [%] Beam Type Quantity Parameter Details
75 B1 1/2 Pt sr . Simply supported on beams’ ends,
36 B1 Ln bm Support conditions, S¢ Ss vs. Simply supported on all ends, Sae
B1 Ln vd
31 B2 1/2 Pt sr Concrete thickness, k. 0.02 m vs. 0.07 m (BS)
B1 Ln bm
28 B2 Ln sr Span, L 4.00 m (BS) vs. 16.00 m *
27 Bl 1/2 Pt sr Beams vs. deck BS vs. CLT deck
26 B1 1/2 Pt vd
L . ) . *
24 B1 12 Pt b Span, 4.00 m (BS) vs. 16.00 m
17 Bl Ln vd
16 B1 In b Concrete strength LC16/18 vs. C25/30 (BS)
14 B4 1/2 Pt bm Beams vs. deck BS vs. CLT deck
B2 Ln sr Concrete strength LC16/18 vs. C25/30 (BS)
10 B1 1/2 Pt vd Support conditions, Sc Simply supported, Ss vs. Fixed, Fx

*—underestimated timber section.
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Figure 1. Percentage of load received by each beam when B1 or B4 is loaded, in terms of (a) vd; (b) st;

and (c) bm.
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Table 3. Parameters with the greatest effect on the load distribution, referring to the boundaries of

each parameter.

Maximum Load . .
Deviation [%] Beam Type Quantity Parameter Details
70 B1 1/2 Pt sr CLT and Sc CLT + Ssvs. CLT + Sae
58 - 1/2 Pt sr Load location B1 vs. B4 for BS with IK connection
47 B2 Ln sr Span, L 2.00 m (BS) vs. 16.00 m*
B1 1/2 Pt vd .
45 B1 In bm Concrete thickness, h, 0.02m vs. 0.20 m
44 Bl Ln vd Span, L 2.00 m (BS) vs. 16.00 m*
43 B2 Ln sr he 0.02m vs. 0.20 m
41 Bl Ln bm Span, L 2.00 m (BS) vs. 16.00 m*
32 B1 1/2 Pt sr CLT and s, BS + juxtaposed beams vs. CLT deck
29 - QZ Z}i Load location B1 vs. B4 for BS with LC16/18 concrete
26 B1 Ln vd
23 B1 1/2 Pt b CLT and Sc CLT + Ssvs. CLT + Sae
18 B1 Ln vd
17 B1 Ln bm Concrete strength LC16/18 vs. C40/50
B2 Ln sr
15
B1 Ln vd CLT and s, .
1 B1 In b CLTands, BS + juxtaposed beams vs. CLT deck
*—underestimated timber section.
Table 4. Maximum deviation of load distribution associated with the DO.
Maximum Load . .
Deviation [%] Beam Type Quantity Parameter Details
60 - 1/2 Pt sr Load location B1 vs. B4 for Un with L = 16.00 m
43 B1 Ln vd EC5
42 B1 Ln vd Ov
41 B1 Ln bm EC5
39 B4 Ln Sr Un
B1 1/2 Pt ovd Un L=400mvs. L=16.00m
38 B1 Ln bm Ov
37 B1 Ln bm Un
36 B2 Ln sr EC5
31 B2 Ln st Ov
vd Ln . .
30 - Load location B1 vs. B4 for EC5 with L =4.00 m
bm Ln
66 B1 Ln vd Ov
64 B1 Ln bm Ov
58 B1 Ln vd Un
B1 1/2 Pt ovd EC5
B1 Ln bm Un L=200mvs. L=16.00m
56 B2 Ln sr Un
B1 Ln bm EC5
B2 1/2 Pt sr Ov
53 B2 1/2 Pt sr EC5

From this analysis, it becomes clear the significant effect of the following parameters:

1. The support conditions, with a maximum deviation of 75% between BS (Ss) and BS with Sae);
The degree of oversizing, with a maximum deviation of 66% (Ov), 58% (Un) and 56% (EC5),
considering the limit spans 2.00 m and 16.00 m;
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3. Theloading position, with a maximum deviation of 58% considering the loading applied at B1 vs.
applied at B4 when the modeling BS with 1K connection is considered (reaching 60% when in
association with DO—verified for the modeling task with the same cross-section as BS and L =
16.00 m (underestimated timber section));

4. The span length, with a maximum deviation of 47% between spans of 2.00 m and 16.00 m;

5. The concrete thickness, with a maximum deviation of 45% between thicknesses of 0.02 m
and 0.20 m;

6. The existence of a timber deck underneath the concrete layer, instead of timber beams and
interlayer using juxtaposed beams or a CLT deck, with a maximum deviation of 27%; and

7. The concrete strength, with a maximum deviation of 18% between an LWAC LC16/18 and an
NWAC C40/50.

Although the DO has shown a great effect, both Ov and Un series, varying between 31% (sr)
and 42% (vd) when considering spans of 4.00 m (the same as BS) and 16.00 m (reaching deviations
of 66% and 58% when considering the extreme spans [2.00 m; 16.00 m]), the percentages found are
only indicative of the trend. In contrast, for the EC5 series, the sections found were established based
on an objective criterion: the design based on Annex B of EC5 [15], aiming at maximizing the section
strength utilization ratio, for Un and Ou series that did not occur. Although a common procedure has
been established, by changing only the timber height, no uniform percentage of over or under sizing
was defined (for extra detail see Monteiro et al. [23]).

The analysis of the previous tables shows that most of the parameters that have the greatest effect
on the load distribution are associated with the end beam B1 (or B7). This was verified in 71% of the
cases when considering the variation relatively to BS; 78% of the cases, when considering the variation
of a parameter (except DO) among its extreme values; and in 67% of the cases, when considering the
variation on the DO, as for L = [4.00 m; 16.00 m], as for L. = [2.00 m; 16.00 m]. This is due to the fact that
end beams tend to concentrate the load applied over it (and thus, a lower percentage of distributed
load) when compared with the remaining ones, allowing a higher variation than the central beam (B4),
for instance, where the opposite happens, and a smaller range of variation can occur. With regard to the
loading, although most of the listed parameters were associated with a linear loading, the differences
found relatively to a point load at mid-span were, at most, 4% (disregarding the Sc modeling task,
which, due to a different structural system, were associated with greater differences).

3. Simplified Approach

The design stage is a crucial stage where the designer must be able to come up with an economical
structural solution, preferably in the shortest time possible. Knowing the percentage of load received
by a specific beam, before the floor being built, without the need to numerically modeling it, will surely
contribute to it. Thus, based on the findings of the parametric study and aiming at providing a practical
tool capable to predict the sought percentage, a simplified equation was developed.

As shown above, three quantities were used for evaluating the load distribution, vd, sr and
bm, but only one was used on the simplified model: the longitudinal bending moment, given its
importance in the design process. For that, three essential parameters were considered: the span
length, the concrete thickness and the transversal location of the beam. For this last consideration,
a dimensionless parameter designated “beam location”, bl, was defined in order to provide the
transversal position of the beam in question, relatively to the longitudinal axis of the outermost beam
(B1) (Figure 2).

The results collected in the parametric study, specifically, the percentage of load received by the
loaded beam for the three parameters listed above were treated and gathered. Four sets of “continuous”
curves were obtained, based on the design considerations, BS, un, EC5, and ov, for the considered
loadings, gathering the results for B1 to B4, for each loading by span. Various polynomial approaches to
the BS curves were tried in the approximation process: from a first-degree polynomial simple Equation
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(1) to a fourth-degree polynomial simple Equation (3), considering also first (2) and second-degree
polynomial equations with crossed terms).

zZ=ay+ai x| +ay-xp+as-xz, 1

Z=dayg+day-X]1+ay-Xp+az-xX3+a4-X1 Xy +as-X1-X3+dg - Xy X3, (2)

Z=dayg+4a1 x| +a2-x2+a3-x3+a4-x12+a5ox22+a6-x32+u7-x13+a8-x23+a9-x33+

(3)
ai - x14 +ayy - JCz4 + a1z - x34,

where x;—span length; x;—beam location; x3—concrete thickness; and a;, with i = 0 to
12—polynomial coefficients.

The attempt to obtain the best approximation with the various polynomial equation was made by
obtaining a set of polynomial coefficients, according to the polynomial under consideration through
the minimization of the sum of the squared differences between the numerical and the polynomial
predictions. To measure the “strength of the approximation”, the determination coefficient, RZ, (4) was
used, for which the strongest approximation corresponds to R? = 1 and the weakest approximation to
R? = 0. Detailed information about the coefficients obtained for the various sets and loading cases,
together with the corresponding R?, can be found in Monteiro [27].

=Y (-7 Yo7, @

where R—correlation coefficient, z;—value given by the polynomial fit for the i point, location,
Z—average of the values to approximate, Z,—value to approximate for the i point, location.

b;=0.00

Figure 2. Beam location parameter.

Since the goal was to obtain an equation to predict the behavior of TCC floors under concentrated
loads, the polynomial coefficients obtained for the various attempts were analyzed aiming at finding
common tendencies among them, for different loadings. Given that the BS set was the only one for
which three loading cases, 1/2 Pt, 1/4 Pt, and Ln, were modeled (for the remaining sets only 1/2 Pt and
Ln were modeled); this was the chosen set to perform that comparison. The polynomial coefficients for
all attempts for BS were compared with each other and among the various loading cases (1/2 Pt vs. Ln;
1/4 Pt vs. 1/2 Pt; 1/4 Pt vs. Ln). This analysis evidenced similar coefficients for comparable polynomial
attempts and among those the one with the best approximation was identified: the second-degree
polynomial simple equation. The polynomial coefficients of the sought equation, designated Pr (since
it intends to predict the percentage of load received by the loaded beam), were defined as the computed
average polynomial coefficients found for the three loading cases (5). Figure 3 shows its course as a
function of the floor span. As the figure depicts, some differences can be found between the predicted
and the numerical percentages, with Pr approaching the Ln load case curve more than the other
curves. In general, it tends to underestimate the percentage of load associated with 1/2 Pt, but it
tends to overestimate the same quantities concerning 1/4 Pt and Ln. Although for both point loadings,
the greatest deviation is about +20% (associated, essentially, with the thinner concrete layers), the mean
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differences were rather lower: about —11% for 1/2 Pt and + 8% 1/4 Pt. For Ln the deviations are lower
than the point loadings, ranging between —10% and +15%, with a mean difference of +4%.

Pr=0.90 — 0.05 - x; — 0.472 - xy — 4.696 - x5 + 0.002 - x1% + 0.299 - x,% + 15.805 - x32, (5)
where x1—span length; x,—beam location; and x3—concrete thickness.

100% 100%

00% — bm /:Pt ' — bm %Pt
bm Ln bm Ln
bm VPt 30% bm YiPt
Pr Pr

60%

40%
20% 20%

4 4 4 5 8 12 16

2 4 4 4 4 4 4 4 4 5 8 12 16

)
IS
IS
~
o~
o~

Span [m] Span [m]
(a) (b)
100% 0
o o A 100% i
bm Ln bm Ln
80% E— ?)//{1 VPt 30% ?}m Y,Pt
)
60% 60%
40% 40%
20% 20%
0% 0%
2 4 4 4 4 4 4 4 4 5 8 12 16 2 4 4 4 4 4 4 4 5 8 12 16
Span [m] Span [m]
(0) (d)

Figure 3. Percentage of bm received by the loaded beam (a) B1; (b) B2; (c) B3, and (d) B4 of BS set for
the various loadings and x;.

For evaluating its adequacy to predict the load distribution also in terms of vd and sr, percentages
obtained with Pr were compared with the experimental results of five real-scale TCC floors” specimens,
built and experimentally tested by the authors, subjected to point and line loads at different locations
(51,52, 53, 54 and S5 differing between them essentially in terms of concrete strength and thickness,
and span) [16]. Experimental vertical displacements, at mid- and quarter-span (vd 1/2 L and vd 1/4 L,
respectively) and support reactions were recorded and worked in order to obtain the corresponding
percentage. By comparing the experimental and Pr percentage curves, a similar course was found;
however, differences were relatively high in some cases (mainly associated with s—when computing
the difference between the percentage obtained with Pr (independent of the loading type) and the
experimental percentage for a specific beam, loading type, and loading location, the values range
between —4% and —42%, with a maximum average partial difference —28%, concerning a medium
span floor (4.00 m) using NWAC, as has S1. In order to make simplified approach suitable to predict
the percentage of load received by the loaded beam, regarding the three quantities, vd, sr and bm,
an extra coefficient was defined, cf; with i = {vd, sr, bm} = {1.25, 1.60, 1.00}, for which Pr was multiplied.
Figure 4 presents a good agreement between experimental and Pr - cf,; curves. This is also proven by
the decrease of the average partial differences computed between the percentages obtained with Pr -
cf;, with i = {vd, sr, bm} and experimental ones (Table 5). The extreme values varied from —7% to 8%
for vd 1/2 L, =9% and 6% for vd 1/4 L, and from —14% to 19% for sr (with a maximum average partial
difference of 11% for the S1 experimental specimen). Thus, concerning the specimen with average span
dimensions (4.00 m) and regular materials specifically concrete (NWAC), 51, a slightly overestimated
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prediction was obtained with the simplified approach, with a predicted percentage of load higher than
that obtained experimentally.

100%
80%
60%
40%
vd %L ¥ Pt
20% o T vd V2L VPt
vd %L Ln
""" fva.Pr
0%

~NOR YN NN N NN TN NN Y N Y
MMM MMAMANAM RARARARAN MMM ANA MR AR
SI (L=4.00 S2 (L=4.00 S3 (L=4.00 $4 (L=2.00 S5 (L=6.00

m; NWAC; m; LWAC; m; NWAC; m;NWAC; m;NWAC;
t.=0.05m) 7=0.03m) ¢£=0.03m) ¢.=0.05m) ¢.=0.05m)

Figure 4. Percentage of vd 1/2 L received by the loaded beam for floors S1 to S5, for the various loadings.

Table 5. Average partial differences for the three loadings [%].

Quantity vd1/2L vd1/4L sr
Pr-cf; vs. 12L 1/aL Ln 12L 1/sL Ln 1/2L 1/4L Ln
S1 (L =4.00 m; NWAC; t. = 0.05 m) 4 7 2 4 3 1 11 6 -2
S2 (L = 4.00 m; LWAGC; t = 0.05 m) -7 -5 -3 -5 -9 -4 3 -6 -14
Experimental specimen 53 (L = 4.00 m; NWAC; ¢, = 0.03 m) 3 5 8 6 1 6 19 9 -1
54 (L = 2.00 m; NWAGC; t, = 0.05 m) -6 -5 -3 -3 —4 -2 -3 -8 -9
S5 (L = 6.00 m; NWAC; t. = 0.05 m) -1 2 1 0 -3 -1 4 0 -5

4. Conclusions

Concentrated loads are common loads in building floors, a consequence of heavy furniture or
partition walls. The usual design of TCC floors considers the entire load associated with the loaded
beam. However, this may be far from reality, more so if the loaded beam is nearer to the floor
center (mid-width). That assumption may lead to overestimated sections, which will be consequently
uneconomic and, at the same time, detrimental concerning the load distribution. An extensive
parametric study developed using Finite Element (FE) numerical models was performed and the
parameters that most affect the distribution of concentrated loads in the transverse direction were
identified. The floor’s support conditions, the degree of oversizing, the loaded beam, the span length,
the concrete thickness, the structural system (deck vs. timber beams underneath the concrete layer)
and the concrete strength were the parameters that showed the highest effect. The goal of this study
was to obtain a simplified approach capable of predicting the behavior of TCC floors subjected to
a concentrated load, which could be applied at the design stage. Thus, a polynomial equation that
can predict the percentage of load received by the loaded beam based on the floor span, the concrete
thickness, and beam location, in terms of vertical displacement, support reactions and longitudinal
bending moment was devised. Compared with the results of real-scale floor specimens, the simplified
approach leads to differences usually small (<10%) and “safe”, as the prediction tends to be higher
than the experimental value. Nevertheless, this equation is not yet in its simplest form as the authors
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would like. Therefore, further studies are ongoing to deepen the subject with the hope that in the near
future, designers may easily use the simplified approach.
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Abbreviation
bm is the longitudinal bending moment at mid-span
BS is the Base Simulation
bsiap is the width of the slab
CLT is the Cross Laminated Timber
cfi is the extra coefficient to obtain a better approximation with i = {vd, sr, bm}
EPP is the elastic-perfectly plastic behavior
Fx is the fixed support condition
GL is the Glued Laminated Timber, Glulam
he is the concrete thickness
h; is the interlayer thickness
hK is the high stiffness
hy is the height of the timber beam
I is the I-shape cross-section
is the span
LE is the linear elastic behavior
IK is the low stiffness
Ln is the line load
LVL is the Laminated Veneer Lumber
LWAC  is the lightweight aggregate concrete
mK is the medium stiffness
NWAC is the normal strength concrete
Ov is the overestimated sizing section
Pr designation of the simplified approach
Pt is the point load
R is the correlation coefficient
Sae is the simply supported condition in all ends
sb is the beam spacing
Sc is the support condition
sr is the support reaction
Ss is the simply supported condition
sw is the self-weight
Un is the underestimated sizing section
vd is the vertical displacement at mid-span
z is the average of the values to approximate
Z; is the value obtained by the polynomial fit for the i point, location,
Z; is the value to approximate for the i point, location.
m| is the rectangular shape cross-section

O is the round shape cross-section
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